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Global polarization of Λ and Λ¯ is calculated based on the axial vortical effect (AVE). Simulations
are performed within the model of the three-fluid dynamics. Equations of state with the decon-
finement transition result in a good agreement with STAR data for both Λ and Λ¯ polarization, in
particular, with the Λ-Λ¯ splitting. Suppression of the gravitational-anomaly contribution required
for the data reproduction is in agreement with predictions of the QCD lattice simulations. Predic-
tions for the global polarization in forthcoming experiments at lower collision energies are made.
These forthcoming data will provide a critical test for the AVE and thermodynamic mechanisms of
the polarization.
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I. INTRODUCTION
Experimental discovery of global and local polariza-
tion of hadrons in STAR experiments [1–3] gave us evi-
dence of existence of a new class of collective phenomena
in heavy-ion collisions [4]. The thermodynamic approach
based on hadronic degrees of freedom [5–7] well describes
the global polarization of hyperons [1, 2] as it was demon-
strated by its implementations within various hydrody-
namical [8–11] and transport [12–16] models of heavy-ion
collisions. However, this approach encounters problems.
The thermodynamic approach predicts wrong sign of
the local longitudinal popularization as compared with
that measured in the STAR experiment [3]. This discrep-
ancy is rather robust, it comes out in both hydrodynamic
[17, 18] and transport [15, 19, 20] calculations. The ther-
modynamic approach fails to explain preliminary results
on alignment of of φ and K∗ mesons [21] at energies of
the Relativistic Heavy Ion Collider (RHIC).
The above problems indicate that the mechanism of
particle polarization in heavy-ion collisions is not that
clear so far. Therefore, alternative approaches should
be considered. An alternative approach based on the
axial vortical effect (AVE) [22–24] assumes equilibrium
but not for spin degrees of freedom. The first applica-
tions of this approach [28, 29] within the Quark-Gluon-
String Model (QGSM) [25–27] and a multiphase trans-
port model [30] demonstrated its ability to describe the
data on the global polarization and to naturally explain
the Λ-Λ¯ splitting [28]. The AVE approach also gives qual-
itatively correct local longitudinal polarization [31].
In this paper, we report calculation of the global po-
larization of Λ and Λ¯ based on the AVE approach. Sim-
ulations are performed within 3FD model [32]. The
3FD model is based on a minimal way to implement
the early-stage nonequilibrium of the produced strongly-
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interacting matter at high collision energies. This early
nonequilibrium stage is modeled by means of two coun-
terstreaming baryon-rich fluids (p and t fluids). Newly
produced particles, dominantly populating the midrapid-
ity region, are associated with a fireball (f) fluid. These
fluids are governed by conventional hydrodynamic equa-
tions coupled by friction terms in the right-hand sides of
the Euler equations.
Calculations were carried out with two versions of
equation of state (EoS) with the deconfinement transi-
tion [33], i.e. a first-order phase (1PT) transition and a
crossover one. Results with hadronic EoS [34] are also
presented. The physical input of the present 3FD calcu-
lations is described in Ref. [35].
II. POLARIZATION BASED ON THE AVE
Presence of vorticity in a system
ωµν =
1
2
(∂νuµ − ∂µuν), (1)
where uµ(x) is local 4-velocity of the medium, induces
the axial current of chiral particles
Jν5 (x) = Nc
(
µ2
2pi2
+ κ
T 2
6
)
ναβγuα∂βuγ (2)
where µ is the chemical potential of these particles, T
is the temperature of the medium, and κ is a parameter
discussed below. Spins of these particles get aligned along
the direction of the axial current. Thus, these particles
become polarized. This is the essence of the axial vortical
effect [22–24].
While the first term ∼µ2 in the braces of Eq. (2) is
topologically protected, i.e. it is related to topological
invariant in the momentum space, the term ∼ T 2 related
to gravitational anomaly [36] is not. Therefore, similarly
to Ref. [28] a parameter κ is introduced into Eq. (2)
which scales this gravitational term. Lattice simulations
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2of Ref. [37] result in zero κ in the confined phase and
predict suppression of the gravitational term by one order
of magnitude, i.e. κ ≈ 0.1, at very high temperatures
T > 400 MeV.
We are interested in Λ and Λ¯ hyperons. Their polariza-
tion is related to the axial current of (anti)strange quark
Jν5s, which differs from (2) by replacement of the chemi-
cal potential µ by the chemical potential of (anti)strange
quark µs = −µs¯ = µB/3 − µS , where µB is the baryon
chemical potential and µS is the strange one. Follow-
ing Refs. [24, 28], the global polarization of Λ and Λ¯ is
related to Jν5s as
PΛ =
∫
d3x (J05s/uy)/(NΛ +NK¯∗), (3)
PΛ¯ =
∫
d3x (J05s/uy)/(NΛ¯ +NK∗), (4)
where uy is y component of the 4-velocity, NΛ and NΛ¯ are
numbers of produced Λ’s and Λ¯’s, respectively, and NK∗
and NK¯∗ are numbers of produced K
∗ and K¯∗ mesons,
respectively. Here NΛ and NK¯∗ count the number of
strange quarks which carry the polarization, similarly for
anti-strange quarks. This is because only strange par-
ticles with nonzero spin carry the s-quark polarization.
The 1/uy factor results from boost to the rest frame of
the fluid element.
Expressions (3) and (4) are just estimates of the polar-
ization rather than rigorously derived formulas. In the
original papers [24, 28] the boost was made to the rest
frame of the produced hyperon, where the polarization
is measured. A shortcoming of that recipe is that the
result of averaging over momenta of produced hyperons
diverges. Indeed, only the 1/py factor, resulted from that
boost, depends on the momentum in Eqs. (3) and (4),
which results in divergence at low py. In addition, the
boost to the fluid local rest frame is more natural because
this approach deals only with properties of the medium
rather than with separate particles. The uy component
of the 4-velocity in Eq. (2) cancel the 1/uy factor thus
eliminating the divergence.
Thus, collecting all together, we arrive at the expres-
sion in terms quantities averaged over the medium (〈...〉)
PΛ =
Nc
〈nΛ + nK¯∗〉
〈
µ2s
2pi2
+ κ
T 2
6
〉
〈ωxz〉 (5)
where nΛ and nK¯∗ are densities of Λ’s and K¯
∗ mesons,
respectively. Similar result holds for PΛ¯. Here we decou-
pled averaging of the vorticity and the prefactor.
III. GLOBAL POLARIZATION
The above approach is very suitable for the calcula-
tion of the global vorticity within the method suggested
in Refs. [10, 11]. This method consists in calculation of
average polarization in the central region of colliding nu-
clei, the right and left borders of which are chosen from
the condition |y| ∼< 0.5. The rapidity y is calculated based
on hydrodynamical velocities. The experimental accep-
tance |η| < 1, where η is pseudorapidity, better comply
with the condition |y| ∼< 0.7 in terms of the true y rapid-
ity [11]. However, hydrodynamical rapidity does not well
coinside with the true one at low collision energies. Tak-
ing also into account that the condition |y| ∼< 0.5 results
in better reproduction of the data at low collision energies
while only slightly differing from the |y| ∼< 0.7 results at
high energies [11], we took the condition |y| ∼< 0.5 for the
theoretical acceptance. Details of the polarization cal-
culation in the central region are described in Ref. [11].
The calculation of the AVE polarization is very similar
to the thermodynamical one in Ref. [11]. 3FD simula-
tions of Au+Au collisions were performed at fixed impact
parameter b = 8 fm. This impact parameter was taken
to roughly comply with the STAR centrality selection of
20-50% [1]. Glauber simulations of Ref. [38] were used to
relate the experimental centrality and the mean impact
parameter.
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FIG. 1: Global polarization of Λ hyperons in Au+Au colli-
sions at b = 8 fm as function of collision energy
√
sNN . Upper
borders of the bands correspond to parameters κ [see Eq. (2)]
displayed in the legend, while the lower borders – to κ = 0.
STAR data on global Λ and Λ¯ polarization [1] are also dis-
played.
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FIG. 2: The same as in Fig. 1 but for the Λ¯ hyperons.
The obtained results are presented in Figs. 1 and 2.
In view of above said about the gravitational term ∼ T 2,
3we present results without this term, i.e. κ = 0, see
Eq. (2), and with this term fitted to reproduce data on
the global polarization at high collision energies. The re-
sults of these fitted values of κ are displayed in Figs. 1
and 2. Though being EoS dependent, the matched val-
ues of κ are the same for Λ’s and Λ¯’s, as it should be.
Moreover, at lowest considered collision energy,
√
sNN =
7.7 GeV, the data [1] better agree with results without
the gravitational term, i.e. κ = 0, while at higher ener-
gies - with those, where this term is suppressed by more
than one order of magnitude. All this agrees with pre-
dictions of lattice simulations of Ref. [37]. Suppression
by more than one order of magnitude at higher energies
also matches with the lattice results [37].
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FIG. 3: Global polarization of Λ and Λ¯ hyperons in Au+Au
collisions at b = 8 fm as function of collision energy
√
sNN in
simulations with hadronic EoS of Ref. [34]. Bold borders of
the bands correspond to parameters κ [see Eq. (2)] displayed
in the legend, while the thin borders – to κ = 0. STAR data
on global Λ and Λ¯ polarization [1] are also displayed.
Not any EoS results in reasonable agreement with
the STAR data on the global polarization. The purely
hadronic EoS of Ref. [34] fails to reproduce the data, see
Fig. 3. The parameters κ = 0.1 is chosen just to comply
with the data at the lowest measured energy of 7.7 GeV.
At higher collision energies the hadronic-EoS polariza-
tion becomes even negative, contrary to the data. This
is similarly to the polarization within the thermdynamic
approach, which is discussed in detaile in Ref. [11]. The
hadronic EoS also fails to reproduce a number of bulk ob-
servables at high energies, while the crossover and 1PT
EoS’s describe bulk observables equally good, as a rule.
Thus, there is a correlation between reproduction of the
global polarization and other bulk and flow observables.
IV. CONCLUSIONS
Calculation of the global polarization of Λ and Λ¯ are
made based on the AVE approach. Simulations are per-
formed within 3FD model [32]. EoS’s with the deconfine-
ment transition result in a good agreement with STAR
data [1] for both Λ and Λ¯ polarization, in particular,
with the Λ-Λ¯ splitting. Suppression of the gravitational-
anomaly contribution required for the data reproduction
is in agreement with predictions of the QCD lattice sim-
ulations [37]. At the lowest considered collision energy,√
sNN = 7.7 GeV, the data better comply with results
without the gravitational term, while at higher energies -
with results, where this term is suppressed by more than
one order of magnitude. At the same time, the hadronic
EoS fails to reproduce the data on the global polariza-
tion.
The AVE global polarization rises with the collision-
energy decrease faster than the thermodynamic polariza-
tion does [11], as the 3FD simulations beyond the RHIC
range indicate. Therefore, the forthcoming data from
the Facility for Antiproton and Ion Research (FAIR) and
Nuclotron-based Ion Collider fAcility (NICA) will pro-
vide a critical test for the AVE and thermodynamic ap-
proaches.
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